The doubly labeled water (DLW) method for the measurement of the field metabolic rate (FMR) of free-ranging vertebrates has limitations that are most evident when dealing with very small mammals, such as the nectarivorous marsupial honey possum (Tarsipes rostratus), that exhibit high metabolic rates and elevated rates of water turnover. We tested the efficacy of the radioisotope rubidium-86 ( 86 Rb) as an alternative method for estimating FMR in this species in winter in Scott National Park in extreme southwestern Western Australia. We carried out a trial with 58 honey possums injected with a cocktail containing 86 Rb, tritium, and oxygen-18 and correlated estimates of the FMR using the DLW method with repetitive measurements of the biological elimination rate constant (k b ) of 86 Rb. The 2 variables were significantly correlated and a linear regression explained 86% of the variation, which increased to 91% with a power curve fit to the data. Successive measurements of k b in individuals that were repeatedly recaptured over a 12-day period did not differ significantly, nor did the time interval between release and recapture affect the estimate of k b . The mean error involved in predicting the FMR from the k b for 86 Rb was less than 5% and of the same order of magnitude as for the error inherent in the DLW method itself. Although the basic mechanism is unknown, the major advantages of the 86 Rb method include the much longer time span over which animals may be recaptured and still provide reliable data, and the absence of the need to collect blood from the injected animals. We suggest that further research measuring the k b s of radioisotopes such as 86 Rb in other species may lead to viable alternatives for the measurement of FMRs in very small mammals with high rates of metabolism and water turnover.
The widespread application of the doubly labeled water (DLW) method (Speakman 1997) for the measurement of the metabolic rate of free-ranging animals has revolutionized our understanding of the energetic costs of maintenance and reproduction in a wide variety of animals, ranging from insects and reptiles to birds and mammals (Buscarlet et al. 1978; Nagy 1992; Nagy et al. 1999) . The method has been of major importance in establishing allometric relationships between water and energy requirements and body mass of a variety of vertebrates, which has led to the development of very useful predictive equations for the food requirements of animals ranging free in the field (Nagy 1987 (Nagy , 1994b (Nagy , 2001 Nagy et al. 1999) . Of particular interest has been the compiling of field metabolic rates (FMRs) of marsupial species, because it has been reported that the basal metabolic rate of marsupial mammals is some 30-35% lower on average than that of similar-sized eutherians (Dawson 1969; Dawson and Hulbert 1970; McNab 1986) . In fact, the FMR of marsupials is not uniformly lower than that of eutherian species, and the regression of FMR on body mass has a significantly different slope, such that the FMR of small marsupials is actually higher than that of equivalent-sized eutherian species (Nagy 1994a) . The small carnivorous dasyurid marsupials such as Sminthopsis crassicaudata and Antechinus stuartii, for example, have extremely high FMRs, which are double those of similar-sized eutherians (Nagy 1994a; Nagy et al. 1978; 1988) .
The case of the tiny 10-g marsupial honey possum (Tarsipes rostratus; Fig. 1 ), is of particular interest because its total dependence on nectar and pollen (Wooller et al. 1984) suggests that the energy expenditure involved in procuring its food might be less than that for an active predator. The FMR of honey possums was 1st measured in midwinter by Nagy et al. (1995) , who found that, although the FMR was indeed approximately 80% of that of small dasyurids, it was still some 60% higher than that of a similar-sized eutherian. Subsequent research on a population of this species in Scott National Park, in extreme southwestern Western Australia, has confirmed this and found daily energy expenditure averages from 25 to 30 kJ/day derived from an intake of approximately 7 ml of nectar and 1 g of pollen per day (Bradshaw and Bradshaw 1999) . However, there are significant difficulties in using the DLW method for the measurement of FMR in the case of the honey possum, as discussed by Bradshaw (2003) . The very small size and high metabolic rate of the honey possum means that higher than usual enrichment levels of oxygen-18 ( 18 O) and tritium ( 3 H) are needed to ensure that above-background levels of both isotopes are present on recapture of the animal. Normally an injection of 3 g/kg of .95% enriched 18 O is sufficient for most studies with small vertebrates (Nagy 1983) . However, in the case of the honey possum, a much higher dosage of 12 g/kg is required, and even then isotope specific activities fall to background levels within 48 h. Given the high cost of 18 O, this is a significant deterrent. There also is only a very small window of opportunity for recapturing an injected animal and the procedural stress to the animal cannot be ignored. Normally, isotope-injected animals can be left undisturbed for periods of up to a week before efforts are made to recapture them and one can thus be confident that any stress effects associated with the capture, injection, and bleeding of the animals have dissipated. This is far from the case with the honey possum, however, where almost all published turnover data are from 24-h recapture rates (Bradshaw and Bradshaw 1999) . Injected animals run the risk of falling again into a pitfall trap within hours of being released, and then entering torpor if environmental temperatures are low (Withers et al. 1990 ). The FMR measured 24 h after injection could thus be unrealistic and reflect only the fact that the animal has not spent that period of time in the pursuit of its normal activities. Another problem is posed by the very high rates of water turnover of this nectarivorous species. Daily nectar intakes equal almost the animal's own body mass and nectar is approximately 80% water. Thus, the possums are permanently in a state of diuresis and rates of water turnover typically average more than 200% of the animal's total body water content per day. Given that the DLW method estimates rates of CO 2 production from the difference between the rates of decline of the specific activity of the 2 isotopes 3 H and 18 O (Speakman 1997) , this becomes problematic when the water efflux (traced by both isotopes) is high relative to CO 2 production. As a result, the DLW method works best with terrestrial vertebrates inhabiting dry regions but can be problematic in the case of animals living in very humid habitats or species such as the honey possum that exhibit an extremely high rate of water turnover.
A possible alternative is to estimate the FMR using a method that does not rely on the rapid recapture of the animal, and published trials measuring elimination rates of a number of radioactive isotopes offer such a possibility. The concept was 1st proposed by Odum and Golley (1963) , and Wagner (1970) reported a correlation between the rate of oxygen consumption and the elimination of phosphorus-32 in hispid cotton rats (Sigmodon hispidus) under laboratory conditions. Another study by Baker and Dunaway (1975) reported a significant correlation between rates of elimination of cesium-137 and iron-59 ( 59 Fe) and CO 2 production in 2 species of rodents kept in the laboratory (S. hispidus and Peromyscus leucopus). Elimination rates of 59 Fe in the field appeared to mirror changes in winter and spring metabolism (Baker and Dunaway 1975) . Peters (1996) and Peters et al. (1995) investigated a range of gamma-emitting radioisotopes for their predictive value in a laboratory comparison with measured rates of CO 2 production using 18 O in the desert iguana (Dipsosaurus dorsalis). Of the various isotopes tested, which included sodium-22 ( 22 Na), chromium-51, manganese-54, 59 Fe, cobalt-60, zinc-65, and rubidium-86 ( 86 Rb), the rate of change of the body burdens of 22 Na and 86 Rb correlated most highly with measures of the metabolic rate using the DLW method, with R 2 values of 0.76 and 0.93, respectively. Rubidium is an alkali metal that is close to potassium in the periodic table and appears to be handled by the body in a similar manner, entering bone and tissue cells in the place of potassium and leading to kaliureis, which can result in imbalance (Adam and Craik 1989) . When used in tracer amounts, however, effects on the physiology of the animal are negligible. Peters et al. (1995) found that varying the intake of potassium in the desert iguana did not influence the rate of elimination of 86 Rb. Peters (1996) extended this approach to include the goldfish (Carassius auratus) and the southern toad (Bufo terrestris), and found that 86 Rb could be used to predict reliably the rate of oxygen consumption of the toad, but not the goldfish.
The objective of our investigation was to assess the efficacy of 86 Rb as an alternative method for the measurement of the FMR of free-ranging honey possums. This involved the simultaneous measurement of turnover rates of 86 Rb, 18 O, and 3 H in order to document the degree of statistical correlation between the biological elimination rate constant (k b ) of injected 86 Rb and the rate of CO 2 production, using the DLW method. Our results suggest that 86 Rb may provide a workable alternative for the measurement of FMR with this very small nectarivorous species and other species where constraints of small size and high rates of water turnover render the DLW method problematic.
MATERIALS AND METHODS
Study area.-Our study took place in June 2003 in Scott National Park (34817.09S, 115813.89E) in extreme southwestern Western Australia. The vegetation in the study area was dominated by heath, punctuated by deep sandy ridges supporting woodlands of Banksia ilicifolia that form the honey possum's primary food source. Other plant species on which honey possums feed that were flowering at that time included Banksia meisneri, Adenanthos obovatus, Andersonia cerulea, and Lysenema ciliatum, all of which occur commonly throughout the site.
Capture of animals.-Honey possums were collected for this study under permit SF004485 from the State Department of Conservation and Land Management of Western Australia. All animal procedures conformed to guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and were approved by the Animal Ethics Committee of The University of Western Australia under permit 04/100/117. Use of radioisotopes in the field was approved by the Radiation Council of Western Australia. Honey possums were captured in pitfall traps constructed of 500-mm lengths of 150-mm-diameter polyvinyl chloride drainage pipe set flush into the ground. The traps were arranged 5-10 m apart in lines ranging from 12 to 30 traps per line, at 7 different locations. Traps were opened for 12 consecutive nights and were closed using metal lids when not in use. Traps were checked and cleared between 0630 and 0830 h each morning and captured animals were placed individually in small cotton sacks and transported to a field laboratory located 5 km from the study site. The sex of each animal was determined, then it was weighed (60.1 g) and marked following a binomial system in which small notches were removed from the margins of their ears using a punch (World Precision Instruments, Sarasota, Florida).
Measurement of FMR using 86 Rb and the DLW method.-Fifty-eight animals were injected intraperitoneally with 0.125 ml of a sterile solution containing 94-96% atom-enriched 18 O (Yeda or Rotem Industries, Rehovot, Israel) at a dosage of 12 g/kg, 1.85 MBq of tritiated water ( 3 HHO; Amersham, Buckinghamshire, United Kingdom), and 0.5 MBq of 86 Rb ( 86 RbCl; Perkin Elmer, Brisbane, Australia). After injection, we held each animal in a small cotton sack for 2 h, allowing the isotopes to equilibrate within the body. We then took an equilibrium sample for 86 Rb using whole-body counts in a Nucleonics PSR8 portable gamma counter (Nucleonics, Edinburgh, United Kingdom) with a 5 Â 5-cm sodium iodide (NaI) crystal. For whole-body counting, possums were confined in an upright, seated position in a 5-cm-diameter plastic vial placed directly over the NaI crystal. The plastic vial was then covered so that the animals remained in the dark during which time three 60-s counts were averaged and accepted if the coefficient of variation was ,1%. Movement of the possums was minimal once in darkness and reliable counting was achieved once the possums assumed a stable upright sitting position. The possums were then bled from the infraorbital sinus (Halpern and Pacaud 1951) using preheparinized capillary tubes with 20 ll taken for the analysis of 18 O and 9 ll for 3 H (Bradshaw and Bradshaw 1999) . Blood samples for 18 O analysis were immediately flame sealed in glass capillaries and those destined for 3 H counting were centrifuged for 3 min at 14,000 Â g in a Compur M1100 microhematocrit centrifuge (Compucor, Munich, Germany) and the cells were separated from the plasma. Before being released at their site of capture, we allowed the possums to feed ad libitum on a dilute honey solution (20% sugar). Upon recapture, we counted the whole-body emission of each possum again and they were bled as before for a 2nd recapture blood sample. The possums also were reweighed to assess changes in body condition. Because the half-life of 86 Rb is only 18.66 days, recapture samples were corrected for isotopic decay between measurements and the k b of the isotope was expressed as k b ¼ (lnC 1 À lnC 2 )/t, where C 1 and C 2 represent counts for the equilibration and the corrected recapture samples, respectively, and t is the elapsed time in days. The total body burden (q t ) of the radionucleotide at time t may be described by the general equation
where q 0 is the initial total body burden of the possum, k b is the biological elimination rate constant for the radionucleotide, and k p is the physical radioactive decay constant of the radio- Bradshaw et al. (1987) . 18 O enrichment levels were then measured using a 3 MeV Van de Graaff accelerator at ANSTO (Lucas Heights, New South Wales, Australia) using the prompt nuclear reaction 18 O(p,a 0 ) 15 N with 840 keV protons to exploit the broad resonance at 846 keV. Rates of CO 2 production were calculated from rates of change in the specific activity of 3 H and 18 O assuming that any change in total body water content was linear (Lifson and McClintock 1966; Nagy 1980) and FMR estimates were corrected for isotopic fractionation using equation 7.18 as recommended by Speakman (1997) . We then calculated the FMR assuming that carbohydrate was a major dietary component of the honey possums and hence produced 20.8 kJ of energy per liter of CO 2 produced (Nagy 1983 ).
Possible effects of stress.-Honey possums are especially sensitive to environmental stressors and have been found to have adrenal glands that are some 10 times larger, on a per body-weight basis, than those of other mammals (Oates et al. 2007 ). In addition, fecal steroid analysis has shown that their daily rates of excretion of cortisol far exceed those of other mammals studied to date (Stead-Richardson 2005) and suggest that this species is particularly prone to stress. Our experience in working with this animal over a number of years has shown that simple exposure to high-frequency noises, such as the tearing of paper, can lead to syncope and death within 10 s. Taking blood is thus problematic and we have developed a technique of bleeding from the orbital sinus that is rapid (10-20 s) and does not stress the possum if care is taken when handling the animal. Another concern is the time that the possums spend in pit traps before being transported to the field laboratory. However, this study was carried out in midwinter and nighttime temperatures were typically below 108C. Possums were found in the early morning, invariably in torpor, and gave no evidence of being stressed by their confinement.
Statistics.-Both linear and nonlinear regression analyses were used to compare rates of change in body burdens of 86 Rb with estimates of the FMR expressed as the daily rate of CO 2 production using the DLW method. Repeated-measures analysis of variance (ANOVA) was used to investigate the reliability of successive measures of the k b for injected 86 Rb. The effect of variation in the time elapsed between the equilibration and recapture samples on k b also was investigated. Values are given as mean 6 SE.
RESULTS
Fifty-eight honey possums (39 males and 19 females) were injected with the cocktail of isotopes, 31 of which were recaptured over a period of 12 days, giving a high recapture rate of 53.4%. Fifteen of the injected possums were recaptured once, 7 twice, and 9 three times with a mean recapture interval of 2.41 6 0.42 days, ranging from 0.73 to 7.98 days. However, only 14 of these 31 recaptures from 12 individuals (8 males and 4 females), provided useful estimates of the FMR, being recaptured within 36 h of the injection time, after which the specific activity of both 18 O and 3 H isotopes fall to background levels. Because of the much lower rate of elimination of the 86 Rb isotope from the injected animals, multiple estimates of k b were obtained from 16 possums, which enabled us to investigate both the repeatability of k b for given individuals and the reliability of the estimate when calculated over varying time spans.
The result of successive estimates of the k b for 86 Rb in 9 male honey possums is shown in Fig. 2 . A 2-way repeatedmeasures ANOVA revealed no significant variation between successive estimates of k b for the individual possums (F ¼ 2.596, d.f. ¼ 2, 16, P ¼ 0.106). However, variation between individuals in k b was significant (F ¼ 6.239, d.f. ¼ 8, 16, P ¼ 0.001). Overall means for the 1st, 2nd, and 3rd estimates of k b were 0.1142 6 0.0072, 0.1028 6 0.0055, and 0.1054 6 0.0054, respectively, and did not differ statistically (
The effect of elapsed time on the estimate of k b was analyzed by grouping the data into periods of 1 day, 1-2 days, 2-3 days, and .5 days (Table 1) . ANOVA revealed no statistical difference between the means (F ¼ 0.4903, d.f. ¼ 3, 24, P ¼ 0.692).
The effect of stress can be gauged to some extent by changes in body mass of the recaptured individuals. The mean percentage change in body mass of those possums for which estimates of the FMR using the DLW method were obtained was À2.5 6 1.0%/day and this weight loss compares with a highly significant weight gain of 0.71 6 0.4%/day shown by those individuals that were recaptured over longer time
Overall means for k b and the FMR were 0.1072 6 0.0118 and 1.036 6 0.241 liters of CO 2 per day, respectively. The mean value for all FMR measures was 25.1 6 6.7 kJ/day of energy, assuming that 20.8 kJ of energy are produced per liter of CO 2. The regression and correlation between the 2 variables are shown graphically in Fig. 3 . Fourteen estimates of the FMR using 18 O were available from 12 individuals and these have been plotted against k b values for the corresponding time interval in 6 instances, and in overlapping intervals in the other cases. The equation for the significant linear regression is y ¼ 17.26x À 0.983 with a coefficient of determination (R 2 ) of 0.864. Pearson's r, which measures the strength of the correlation, is 0.9296 with P , 0.0001. However, a better fit to the data is achieved with a power curve, the equation being y ¼ 38.85x
1.765 with R 2 ¼ 0.91. Given that we have tried to predict the FMR from the k b values, a more appropriate analysis than a least mean squares regression is a reduced major axis (RMA; geometric mean) regression and the equation for this is y ¼ 19.258x À 1.1212. We used these equations to estimate the error involved in predicting FMR from the k b value ( Table 2 ). The mean error using the linear regression is À4.9% but decreases to 2.0% using the power curve, and 2.2% with the RMA regression.
DISCUSSION
Examination of the data presented here from a field study with the honey possum (T. rostratus) suggests that measuring changing body burdens of the radioisotope 86 Rb may offer a plausible alternative to the DLW method for the measurement of the FMR in the case of this very small species. Because of the extremely high metabolic rate of the honey possum, coupled with an exceptionally high rate of water efflux due to its nectarivorous diet, the DLW method is being pushed to its limit and only a small number of recaptures return usable data. To our knowledge, the rubidium method has only been tried to date with 3 species of lower vertebrates (Peters 1996; Peters et al. 1995) and this is the 1st study of the handling of this isotope in a mammal.
Thirty-one estimates of the k b for 86 Rb over the 12-day period were obtained from the 58 injected possums and 18 O turnovers were obtained from 14 of these. Far fewer FMR measurements were obtained for comparison because of the need to recapture the animals within 24-36 h after injection, after which isotopic enrichments fell to background levels. The mean FMR calculated using the DLW method for the honey possums in this study was 25.1 6 6.7 kJ/day, which is not significantly different from the value of 28.6 6 3.0 kJ/day reported by Bradshaw and Bradshaw (1999) for possums from the same population in Scott National Park.
The advantage of the 86 Rb method is that repetitive measures of the body burden for the isotope were possible over the 12-day period in a number of individuals and no significant variation was detected with values for k b ranging from 0.079/ day to 0.14/day for different individuals and averaging 0.102/ day for males and 0.106/day for females, that is, roughly 10% of the injected 86 Rb is eliminated per day. The stability of the rubidium data also was evident when data were compared that were collected over different time intervals (i.e., within 1 day of release, 1-2 days, 2-3 days, and .5 days). There was no significant trend with the data indicating that the estimate of the k b for any given individual is not time dependent.
Every effort was made to reduce stress effects due to handling and bleeding of possums to a minimum, but changes in body mass suggest that the procedures involved in the DLW method had a negative impact on the honey possums. Those individuals that were recaptured within 24-36 h and bled a 2nd time lost an average of 2.5% of their initial body mass per day, which compares with a highly significant weight gain of 0.7% per day for the 16 possums that were recaptured over longer time intervals. These data are consistent with the findings of O, also lost an average of 2.7 6 0.7% of their body mass per day. We would predict from this that a study involving simply the injection of 86 Rb and whole-body counting over a longer time span would prove much less stressful for these small animals.
Examination of the FMR and
86
Rb data showed a significant correlation, with 86.4% of the variation between the 2 variables being explained by a linear regression and 91% by a power curve. Using this latter curve, or a more appropriate RMA regression, to estimate the error involved in predicting the FMR from the k b results in a mean error of approximately 2.0%, which compares with the value of 6.6% cited by Peters et al. (1995) in their study of the desert iguana (D. dorsalis). The results of a similar study with the southern toad (B. terrestris) by Peters (1996) , where successive estimates of the k b varied by 7%, suggested that 86 Rb also could be used to predict the FMR of terrestrial amphibians. These error levels are comparable with the error of the DLW method itself, which is on the order of 8% (Nagy 1980) , but, in the case of the honey possum, the mean masks a high level of variation in the accuracy of the prediction.
The mechanism underlying this correlation is at present unknown and it would appear that rubidium, as an alkali metal, is treated by the body as if it were potassium (Williams and Leggett 1987) . Some research suggests that it also may have behavioral effects (Sopranzi 1993; . Shoemaker et al. (1972) , when studying the control of nasal salt gland excretion in the iguanid lizard (D. dorsalis) found that rubidium was handled exactly as potassium and RbCl was eliminated by the gland in place of the normal KCl after injections of rubidium.
A recent paper on the zebra finch (Taenopygia guttata) described another approach to measuring the FMR of untethered birds where the injection of NaH 13 CO 3 enabled the measurement of both O 2 consumption and CO 2 production from the analysis of the stable isotope carbon-13 collected in the air expired from the birds while flying (Hambly et al. 2002) .
A comparison of the costs involved in the 2 methods (Table  3) highlights the fact that the rubidium method is far less expensive, with an expenditure of approximately $A2 per animal, compared with $50-$180 per animal for the DLW method, depending on whether samples are analyzed by prompt nuclear reaction (Bradshaw et al. 1987; Wood et al. 1975) or by mass spectrometry. The equipment needed to carry out the analyses also is much simpler and less costly in the case of the rubidium method, which needs only a portable gamma counter compared with a cyclotron, linear accelerator or mass spectrometer for the DLW method (Nagy 1983; Speakman 1997) . The other distinct advantages of the rubidium method include the absence of the need to collect blood from the animals and the much longer time over which effective recovery samples may be collected. In the case of the honey possum, which is an extreme example, this window for effective recapture only extends to 36 h after the injection of 18 O and 3 H, whereas we were able to gain effective measurements of the biological elimination rate constant of 86 Rb up to 8 days after the injection.
To our knowledge, no study to date has used an independent data set involving the rubidium method to predict the metabolic rate of a free-ranging population of subjects, and this is highly desirable. The study by Peters et al. (1995) with the lizard D. dorsalis was carried out entirely in the laboratory and it would be most informative to test the reliability of their calibration in a field situation, using 86 Rb. Our own study has been carried out in the field, but only in 1 season (winter), and needs to be repeated at other times of the year before one can apply the calibration reported here to other seasons and other populations of honey possums. Further physiological research also is needed to elucidate the relationship between the biological elimination rate constant of rubidium and the metabolic rate before one may confidently apply this method to the routine measurement of FMRs of vertebrates in the field.
The results of our study with the 10-g honey possum suggest that the measurement of k b s of radioisotopes, such as 86 Rb, may offer an alternative to the DLW method for the estimation of FMR, especially in the case of animals that are stress sensitive, that have high metabolic rates and elevated rates of water turnover, or both. Bradshaw et al. 1987; Wood et al. 1975 .
